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HOW RCA ELECTRON TUBES 





Link the Voices of the World 


The radio “hot line” between Washington 
and the Kremlin stands sentinel against 
the risk of accidental war. High-speed 
radioteletype flashes market data to a 
dozen world trade centers. Through the 
magic of radio facsimile, photographs 
taken across the world appear in your 
newspaper the very same day. 


Powerful RCA electron tubes make relia- 
ble world-wide communications like these 
possible and practicable. These tubes 
amplify electronic impulses at the radio 
transmitter... hundreds . . . thousands 
...even millions of times, to produce the 








high-frequency power it takes to bridge 
ocean and continent. 


Via vast radiotelegraph, radiophone, fac- 
simile, marine, and video networks, these 
electron tubes enable man to talk to man, 
business to communicate with business, 
government to keep in touch with govern- 


ment—from virtually any point on earth. 


Linking the voices of man around the 
globe is another dramatic way in which 
RCA electronic components and devices 
play an indispensable role—in world 
commerce, in science and in international 
understanding. 


RCA ELECTRONIC COMPONENTS AND DEVICES 


The Most Trusted Name in Electronics 





RCA electron power tubes... heart of modern 
radio transmitters...make it possible to send 
messages round the world. 


the two galaxies are the same. The spec- 
tra of stars in the Large Cloud show the 
same abundances of elements as the 
spectra of stars in our galaxy, and the 
abundances of elements in the Taran- 
tula Nebula are similar to those in the 
Orion nebula. Detailed investigations of 
50 nebulae by Helene R. Dickel, L. H. 
Aller and D. J. Faulkner at the Mount 
Stromlo Observatory and the Mount Bin- 
gar Field Station in Australia, and work 
on the Tarantula Nebula by Faulkner, 
indicate that these nebulae contain at 
-most 30 per cent less helium and oxygen 
with respect to hydrogen than emission 
nebulae in our galaxy. On the whole the 
Large Cloud and our galaxy seem to be 
made of the same basic stuff. 

When Shapley and his co-workers 
made a survey of the Large Cloud in 
1953, they recorded for special further 
study a number of conspicuous assem- 
blages of stars associated with nebulos- 
ity; to these assemblages Shapley ap- 
plied the label “constellations.” He had 
already noted that most of the brighter 
stars in the constellations were exceed- 
ingly blue and had vouchsafed the opin- 
ion that these were the places where stars 
are now being born and where the 
evolutionary pots are boiling fiercely. His 
assertions have all proved to be true, 
and I should like to conclude with a de- 
scription of Shapley’s fascinating Con- 
stellation I [see illustration at right]. 


Practically all the stars measured so 


far in this assemblage are exceedingly 
blue. The constellation is even bluer than | 


it seems to be; it is embedded in dust 
that tends to redden it slightly. It prob- 
ably contains no red supergiants at all. 
It is located near right ascension five 
hours 22 minutes and declination minus 
68 degrees, and it can be seen quite 
plainly on the radio map of the Large 
Cloud in both 20- and 21-centimeter 
contours. | 
Constellation I appears to have a 
diameter of 500 light-years. Mrs. Basinski 
and I have estimated the total] mass of its 
stars at about 24,000 solar masses, with 
an uncertainty of no more than 20 per 
cent. Faulkner has estimated the total 
mass of ionized hydrogen in it from spec- 
tra obtained at the Mount Stromlo Ob- 
servatory and Mathewson has estimated 
this mass from radio data. With remark- 
able agreement, they find that the mass 
of ionized hydrogen is equivalent to be- 
tween 50,000 and 60,000 solar masses. 
This is a large mass, but the mass of neu- 
tral hydrogen in the constellation is ex- 
traordinary. McGee has estimated it at 
five million solar masses, mostly con- 
tained within a diameter of 1,100 light- 


years. We thus find a few hundred stars, 
all formed less than 10 million years ago, 
located in the midst of a huge hydrogen 
cloud 200 times more massive than all 
the stars combined. 

Jf one may ignore the unlikely hy- 
pothesis that the association of stars 


and gas is a chance one, the conclusion | 


that Constellation I is expanding seems 
almost inescapable. On photographic 
plates we can see few, if any, faint or 
red—that is, older—stars within the con- 
fines of the grouping. If the birth of 
stars in the constellation is a continuing 
process, and if the older stars were re- 
tained by the constellation, then a mini- 
mum of 6,000 older stars should accumu- 
late in a billion years. Obviously no such 
numbers are observed. The gas in the 
constellation can supply building mate- 
rial for an additional 200 generations of 
stars similar to the ones we see. Hence 


we have concluded that stars are con- 
tinually being formed from the gas, pre- 
sumably at a fairly steady rate, and that 
these stars at the time of their formation 
are already moving fast enough to enable 


‘them to escape from the parent cluster. 


A little more than five kilometers per sec- 
ond—nothing extravagant—would sufiice. 
At this speed it will take a star only 
something of the order of 25 million 
years to get well beyond the limits of 
the constellation. The escaped stars 
gradually evolve to become red giants 
and supergiants, then intrinsically faint 
stars. Therefore assemblages such as 
Constellation I may well be the steady 
suppliers of ordinary stars older than 25 
million years in the Large Cloud. No- 
where in our galaxy do we find the proc- 
esses of star birth and evolution so neatly 
portrayed as they are in the Large Cloud 
of Magellan. 





CONSTELLATION I in the Large Cloud was photographed by the author with the 74-inch 


reflector. These very young, extremely massive stars are embedded in a huge cloud of gas. 
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THE GREAT CEREBRAL COMMISSURE 


This broad nerve cable and lesser bridges connect the two halves 
of the mammalian brain. If the connections are cut, the organism 


functions quite well but behaves much as though it had two brains 


he body plan of a mammal pro- 
vides for two lungs, two kidneys 
and paired organs such as eyes, 

ears and limbs. In a sense it also provides 


for a paired brain. In structural detail 
and functional capacity the two halves 


of the mammalian brain are mirror twins, 


each with a full set of centers for the 
sensory and motor activities of the body: 
vision, hearing, muscular movement and 
so on. Each hemisphere of the brain is 
mainly associated with one side of the 
body, the right brain presiding over the 
left side and the Jeft brain over the right 
side. Each hemisphere’s influence is not, 
however, always restricted in this way: 
when an area in one hemisphere is dam- 
aged, the corresponding area in the other 
often can take over its work and so con- 
trol the functions involved for both sides 
of the body. In short, either half of the 
brain can to a large extent serve as a 
whole brain. 

Anatomically, of course, the two 
halves of the brain are linked together 
and normally function as one organ. 
They are united not only by the common 
stem that descends from the brain into 
the spinal cord but also by a number of 
cross bridges between the hemispheres. 
Especially striking is the system of con- 
nections between the two halves of the 
cerebrum: the upper part of the brain. 
The cerebral hemispheres are linked by 
discrete bundles of nerve fibers, called 
commissures, that form reciprocal con- 
nections between parallel centers in the 
two hemispheres. By far the most promi- 
nent of these bridges is a broad cable 
known as the great cerebral commissure 
or, more technically, as the corpus cal- 
losum [see illustration on pages 44 and 
45]. This massive structure, which is 
particularly large in primates and largest 
in man, contains most of the millions of 
nerve fibers that connect the two halves 
of the cerebral cortex, which is the 
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highest integrating organ of the brain. 

The size and obviously important 
position of the corpus callosum suggest 
that it must be crucial for the proper per- 
formance of the brain’s functions. Many 
years ago, however, brain surgeons dis- 
covered to their surprise that when the 
corpus callosum was cut into (as it 
sometimes had to be for medical rea- 
sons), this severing of fiber connections 
between the cerebral cortices produced 
little or no noticeable change in the 
patients’ capacities. The same was true 
in the rare cases of individuals who 
lacked the corpus callosum because of 
a congenital failure in development. Ex- 
periments in severing the corpus cal- 


losum in monkeys tended to confirm the — 
apparent harmlessness of the operation. 


Accordingly in the late 1930's surgeons 
tried cutting the entire corpus callosum 
in some cases of severe epilepsy as a 
measure to prevent the spread of epilep- 
tic seizures from one brain hemisphere 
to the other. Efforts to pinpoint losses of 
function in this series of cases were again 
unsuccessful. 

Exactly what purpose the corpus cal- 
losum served became more and more a 
mystery. In 1940 the nerve physiologist 
Warren S. McCulloch, then working at 
the Yale University School of Medicine, 
summarized the situation with the re- 
mark that its only proved role seemed 
to be “to aid in the transmission of 
epileptic seizures from one to the other 
side of the body.” As recently as 1951 
the psychologist Karl S. Lashley, director 


of the Yerkes Laboratories of Primate 


Biology, was still offering his own jocular 
surmise that the corpus callosum’s pur- 
pose “must be mainly mechanical... i.e., 
to keep the hemispheres from sagging.” 
The curious capacity of the brain to carry 
on undisturbed after the destruction of 
what is by far its largest central fiber 
system came to be cited rather widely 


in support of some of the more mystical 
views in brain theory. 


[etigued by the problem of the great 
cerebral commissure and the theoreti- 
cal implications of this problem, my col- 


leagues and I began an intensive inves- 


tigation of the matter, starting in the 
early 1950's at the University of Chicago 
and continuing after 1954 at the Cali- 
fornia Institute of Technology. This re- 
search, carried on by many workers at 
Cal Tech and elsewhere, has now large- 
ly resolved the mystery of the corpus 
callosum; today this bundle of fibers is 
probably the best understood of any of 
the large central association systems of 
the brain. The investigation has gone 
considerably beyond the question of the 


- corpus callosum’s functions. From it has 


emerged a new technique for analyzing 
the organization and operation of the 
brain; this approach has already yielded 
much interesting information and prom- 
ises to open up for detailed study many 
heretofore inaccessible features of brain 
activity. 

The technique essentially consists in 
the study or application, in various ways, 
of the split brain: a brain divided surgi- 
cally so that the performance of each 
half can be tested separately. It has 
entailed a series of experiments with ani- 
mals, starting with cats and continuing 
with monkeys and chimpanzees. The 
findings are not confined to animals; 
there has also been opportunity to study 
human patients who had been operated 
on for severe epilepsy and emerged from 
the operation with a split brain but 
freed of convulsive attacks and still in 
possession of most of their faculties. 

The split-brain studies have borne out 
the earlier observation that the cutting 


of the entire corpus callosum causes 


little disturbance of ordinary behavior. 
This is generally true even when the 


operation severs not only the corpus cal- 
losum but also all the other connections 
between the right and left sides of the 
brain down through the upper part of 
the brain stem. Cats and monkeys with 
split brains can hardly be distinguished 
from normal animals in most of their ac- 
tivities. They show no noticeable dis- 
turbance of co-ordination, maintain 
their internal functions, are alert and 
active, respond to situations in the usual 
manner and perform just about as well 
as normal animals in standard tests of 
learning ability. Their individual traits 
of personality and temperament remain 
the same. 

It required specially designed tests to 
show that the split brain is not, after all, 
entirely normal in its function. The first 
convincing demonstration was provided 
by Ronald E. Myers, in his doctoral re- 
search started in 1951 in our laboratory 
at the University of Chicago and con- 
tinued at Cal Tech. Testing the perform- 
ance of the two brain halves separately, 
he found that when the corpus callosum 
was cut, what was learned by one side 
of the brain was not transferred to the 





EFFECT OF BRAIN DIVISION is tested on animals trained 


to perform a variety of tasks in response to visual or tactile 


‘other side. In fact, the two sides could 


learn diametrically opposed solutions to 
the same experimental problem, so that 
the animal’s response in a given situation 
depended on which side of the brain was 
receiving the triggering stimulus. It was 
as though each hemisphere were a sepa- 
rate mental domain operating with com- 
plete disregard—indeed, with a complete 
lack of awareness—of what went on in 
the other. The split-brain animal be- 
haved in the test situation as if it had 
two entirely separate brains. 


rp rte initial experiment involved seg- 
* regating each eye with half of the 
brain as a separate system. This was ac- 
complishing by cutting both the corpus 
callosum and the structure called the 
optic chiasm, in which half the nerve 
fibers from each eye cross over to the 
brain hemisphere on the opposite side 
of the head [see illustration on page 46]. 
The effect of this combined operation 
is to leave each eye feeding its messages 
solely to the hemisphere on the same side 
of the head. | 


The animal was then trained to solve 


a problem presented only to one eye, 
the other eye being covered with a patch. 
The problem might be, for example, to 
discriminate between a square and a 
circle; if the animal pushed a panel bear- 
ing the correct symbol, say the square, 
it got a reward of food. After it had 
learned to make the correct choice with 
one hemisphere, the problem was then 
presented to the other eye and hemi- 
sphere, the first eye now being blind- 
folded. When the subject used the sec- 
ond eye, it reacted as if it had never been 
faced with the problem before. The 
number of trials required to relearn the 
problem with the second eye showed 
that no benefit carried over from the 
earlier learning with the first eye. The 
transfer of learning and memory from 
one hemisphere to the other occurred 
readily in animals with the corpus cal- 
losum intact but failed completely in 
those with the corpus callosum cut. Each 
hemisphere, and its associated eye, was 
independent of the other. 

This was again demonstrated when 
the two hemispheres were trained to 
make opposite choices. The animal was 


cues. In this test designed by the author the monkey must pull 
one or the other of two levers with differently shaped handles. 
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CORPUS CALLOSUM and the other commissures connect the two 
halves of the mammalian brain. The drawings on these two pages 


first trained to choose the square when 
the pair of symbols was seen through 
one eye. After learning was complete the 
eye patch was shifted and the animal 
was taught with the other eye to reject 
the square and pick the circle. This 
reversed training through the separate 
eyes gave rise to no sign of interference 
or conflict, as it does in an animal with 
an intact corpus callosum. 

Subsequent studies, many dealing 
with forms of learning other than the 
visual—discrimination by touch, motor 
learning and so on—support the same 
conclusion. For example, in a special 
training box in which the animals could 
not see what their forepaws were doing, 
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John S. Stamm and I trained cats to get 
food by using a paw to choose correctly 
between a hard pedal and a soft one, or 
a rough pedal and a smooth one, or two 
pedals of different shapes [see illustra- 
tion on page 47]. With the corpus cal- 
losum intact, an animal trained to use 
one paw is generally able to carry out the 
learned performance when it is made to 
use the untrained paw; normally the 
training transfers from one side to the 
other. But when the corpus callosum has 
been cut beforehand, the training of one 
paw does not help the other; on shifting 
from the first paw to the second the cat 


has to learn discrimination by touch all 


over again. The same applies to the 
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show the brains of a cat (left), a monkey (center) and a human 
being (right). In each case the top drawing shows the top of the 


learning of a motor task, such as the pat- 
tern of finger or paw movements neces- 
sary to push a lever or open the hasp and 
cover of a food well. What is learned 
with one hand or paw fails, as a rule, 


to carry over to the other when the cor- | 


pus callosum has been severed, be it in 
a cat, a monkey, a chimpanzee or a man. 


PP short, it appears from the accumu- 

lated evidence that learning in one 
hemisphere is usually inaccessible to the 
other hemisphere if the commissures be- 
tween the hemispheres are missing. 
This means that the corpus callosum has 
the important function of allowing the 
two hemispheres to share learning and 
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cerebral hemispheres, with the position of the corpus callosum in- 
dicated in color. The bottom drawings are sectional views of the 


memory. Jt can do this in either of two 
ways: by transmitting the information 
at the time the learning takes place, 
or by supplying it on demand later. In 
the first case the engrams, or memory 
traces, of what is learned are laid down 
both in the directly trained hemisphere 

and, by way of the corpus callosum, in 
the other hemisphere as well. In other 
words, intercommunication via the cor- 
pus callosum at the time of learning re- 
sults in the formation of a double set of 
memory traces, one in each half of the 
brain. In the second case a set of engrams 
is established only in the directly trained 
half, but this information is available 
to the other hemisphere, when it is re- 
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quired, by way of the corpus callosum. 

By cutting the corpus callosum after 
learning, and by other methods of in- 
vestigation, it is possible to determine 
which of these two memory systems is 
used in different learning situations and 
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in different species. It appears from pres- 


ent evidence that the cat tends to form 
engrams in both hemispheres when it is 
learning something. In man, where one 
hemisphere is nearly always dominant, 
the single-engram system tends to pre- 
vail, particularly in all memory relating 
to language. The monkey seems to fall 
somewhere in between. It sometimes 
uses the double-engram system, but un- 
der other conditions it may lay down en- 
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right half of the brain as seen from the mid-line; the connecting 
structures cut in split-brain investigations are designated in color. 


grams in only one of its hemispheres. 

Thanks to a wide variety of experi- 
ments with cats and monkeys, involving 
one-side training and testing of various 
eye-limb and other combinations, we are 
now beginning to get a fairly detailed 
picture of the functions of the corpus 
callosum. It is needed for correlating 
images in the left and right halves of 
the visual field; for integrating sensations. 
from paired limbs, or for learning that re- 
quires motor co-ordination of the limbs; 
for unifying the cerebral processes of at- 
tention and awareness, and for a number 
of other specific activities that involve 
direct interaction of the hemispheres. 
Furthermore, the corpus callosum seems 
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VISUAL FIELDS and the visual centers of the brain are related as shown in this diagram 
of the monkey brain. Cutting optic chiasm and corpus callosum leaves each eye feeding in- 
formation to one side of the brain only and eliminates the normal overlap of visual fields. 


to play important roles of a more gen- 
eral nature. Its absence slows down the 
rate of learning, at least in some situa- 
tions. And, like other large nerve-fiber 
tracts, it has a general tonic effect on the 
brain cells to which it feeds impulses. 


M any of these findings in animals have 
been checked and confirmed re- 
cently in studies conducted on a human 
patient in whom the hemispheres were 
surgically separated in an effort to con- 
trol intractable epileptic convulsions. 
The seizures had been building up for 
10 years in this man after a brain injury 
sustained in World War II. Philip J. 
Vogel and Joseph E. Bogen, surgeons at 
the Institute of Nervous Diseases of 
Loma Linda University in Los Angeles, 
cut through the corpus callosum and 
other commissures. The operation was 
remarkably successful in ending the at- 
tacks. Moreover, the patient, a 49-year- 
old man above average in intelligence, 
was left without any gross changes in his 
personality or level of intellect. In the 
months after the operation he comment- 
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ed repeatedly that he felt much better 
than he had in many years. In casual 
conversation over a cup of coffee and a 
cigarette one would hardly suspect that 
there was anything at all unusual about 
him. | 

With the collaboration of the patient 
and his physician, Michael S. Gazzaniga 
of our laboratory has carried out a series 
of careful tests probing the man’s per- 
formances with one or both sides of the 
brain and body. Like most people, the 
patient is right-handed, and his domi- 
nant cerebral hemisphere is the left one. 
He is able to perform quite normally 
most activities involving only the left 
brain and right side of the body. For 
example, he can easily read material in 
the right half of his visual field, name 
and locate objects in that half, execute 
commands with his right hand or foot 
and so on. He does, however, have cer- 
tain difficulties with activities on his 
left side. 

Up to a point the left side of his body 
can function normally: he appears to see 
clearly in the left half of his visual field 


and has good sensitivity to touch and 
good motor function on his left side. But 
in any task that requires judgment or 


interpretation based on language, which 


is stored only in his left cerebral hemi- 
sphere, he clearly shows the effects of the 
cerebral disconnection. He cannot read 
any material that falls in the left half of 
his visual field, so that when he reads 
with full vision he has difficulty and tires 
easily, Nor can he write anything at all 
meaningful with his left hand. As a rule 
he cannot carry out verbal commands 
with his left hand or left leg. When an 
object is presented solely in the left half 
of his visual field, he may react to it ap- 
propriately but he cannot name or de- 
scribe it. The same is true of an object 
placed in his left hand when he is blind- 
folded. While blindfolded he is unable 
to say where he has been touched on 
the left side of the body or to describe 
the position or movements of his own 
left hand. In fact, if the dominant hemi- 
sphere of his brain is occupied with a 
task, anything happening to the left side 
of his body may go completely un- 
noticed. When his dominant left hemi- 
sphere is questioned about nonverbal 
activities that have just been carried out 
successfully by the left hand via the 
right hemisphere, it cannot recall them, 
this is often the case even when both of 
his eyes have been open and their visual 
fields unrestricted. Evidently the domi- 
nant hemisphere of the brain neither 


‘knows nor remembers anything about 


the experiences and activities of the oth- 
er hemisphere. 

The separation of the two hemispheres 
is further indicated by certain specific 
tests. For instance, when the skin on 
one side of the subject’s body is lightly 
tapped with the point of a pencil, he 
can locate the point touched with the 
hand on that side but not with the other 
hand. When a spot of light is flashed on 
a screen in one half of the patient's 
visual field, he can point to it only with 
the hand on the same side. In general- 
ized motor activities his left hand usual- 
ly co-operates with the right, but not al- 
ways. At times the left hand may go off 
in a distracted way on independent and 
even antagonistic activities of its own, 
which can be troublesome. 


hese findings are generally confirmed 
in work begun with a second patient 
who has more recently recovered from 
the same kind of brain operation. The 
results in this individual are not com- 
plicated by an earlier brain injury, and 
two months after the operation the over- 
all recovery picture is even better than it 


was for the first patient. In particular, 


motor control ot the lett hand 1s not so 
markedly impaired. 

It should be noted again that most of 
the impairments of brain function from 
such surgery do not show up in the com- 
mon activities of daily life. They are 
detected only under special testing con- 
ditions, such as blindfolding the subject, 
restricting his movements to one or the 
other hand, using quick-flash projection 
to confine vision to half of the visual field 
and so on. One can hope that where the 
impairments do cause difficulty in ordi- 
nary activities, they will be correctible by 
re-education and other measures as fur- 
ther investigation adds to our under- 
standing of the properties and capacities 
of the bisected brain. 

In any case, it is now clear that the 
loss of the commissural connections be- 
tween the two halves of the cerebrum 
does have important and well-marked 
effects on the functioning of the brain. 
If the corpus callosum fails to develop 
at all because of some congenital acci- 
dent, centers for language and other 
functions may develop in compensation 
on both sides of the brain. This seems 
to have occurred in a nine-year-old boy 
lacking a corpus callosum, whom we re- 
cently tested. As in some earlier cases in 
the medical literature, he shows almost 
none of the impairments we observe in 
the two adult patients. 

Im other older cases distinct impair- 
ments were observed, but they were 
ascribed to damage in brain areas near 
the corpus callosum. In the light of pres- 
ent knowledge these cases reinforce the 
view that damage to the corpus callo- 
sum interferes with normal functioning 
in a number of clearly defined ways. For 
example, Norman Geschwind of the 
Veterans Administration Hospital in 


Boston has recently noted that a patient 


with a damaged corpus callosum, and 
similar individuals in the medical litera- 
ture, have shown effects such as word- 
blindness, word-deafness and faulty 
communication between the right and 


left hands. 


(ree the enigma of the great cerebral 
commissure was cleared up and it 
was firmly established that the commis- 
sure really does serve important com- 
munication purposes, our interest shifted 
to more general questions that might be 
explored by investigation of the bisected 
brain. Such a brain offered an extraordi- 
| nary opportunity to examine the many 
functions and interrelations of parts of 
the brain, structure by structure and 
control center by control center. 
Bisection of the brain leaves each 
hemisphere virtually undisturbed. Each 
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TACTILE DISCRIMINATION is tested with the apparatus shown in the photograph (top) 
and in the diagram (bottom). The animal is trained to distinguish between two pedals with 
different shapes or surface textures. In a normal cat, whatever is learned with one paw is 
transferred to the other one. But in a split-brain animal each side must learn a task anew. 
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ization, the inflow of sensory messages 
and the outflow of motor commands. 
Each retains its full set of cerebral con- 
trol centers and the potentiality for per- 
forming nearly all the functions of a 
whole brain. Even the human brain, in 
spite of the normal dominance of one 
side, can adapt itself to carry on fairly 
well when one hemisphere is eliminated 
early in life because of a tumor or an 
injury. A monkey with one cerebral 
hemisphere removed gets along better 
than a man in a comparable condition, 
and a cat does much better than a mon- 
key. 

Because of the independence of the 
two halves of the bisected brain, it is 
possible to study nearly all brain func- 
tions by concentrating on one half while 
the animal carries on normally with the 
other half. The situation efords certain 
uniquely helpful experimental condi- 
tions. Since the experiments are per- 
formed with one hemisphere, the iden- 
tical opposite hemisphere can serve as a 
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over, the fact that one half of the brain 
suffices to deal with the animal’s needs 
makes it possible to remove or isolate 
parts of the experimental half, without 
disabling aftereffects to the animal, in 
order to identify the functions of each 
part. 

A first question to arise in this con- 
nection is: How far can the brain be 
divided without grossly disrupting 
brain-mediated processes? We have al- 
ready noted that cutting the cerebral 
commissures does not seriously interfere 
with the functioning of the two hemi- 


spheres. In monkeys the bisection has 


been carried down through the roof of 
the brain stem and completely through 


the cerebellum, leaving intact for cross 


communication only the tegmentum, or 
floor of the brain stem [see illustration 
on opposite page]. Such monkeys show 
some motor unsteadiness, weakness and 
uncertainty, but they eventually recover 
their strength and stability. Deeper splits 
through the tegmentum into the upper 
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PERCEPTUAL CONFLICT in split-brain monkeys is tested with the apparatus shown in 
the top drawing. It presents a different image to each eye, as seen in the bottom diagram. 
While one of the animal’s isolated eye-brain systems learns that pushing the panel with the 
cross is rewarded by food, the other eye-brain system learns to push the circle instead. 
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cat by Theodore Voneida of our labora- 
tory. A curious blindness ensued, but it 
cleared up after several weeks and the 
animals made a good recovery. The ef- 
fects on learning and perception of these 
deepest bisections have not yet been 
studied in detail. In general, however, 
it can be said that the two halves of the 
brain function well even when they are 
divided down into the upper regions of 
the brain stem, provided that only cross 
connections are cut. 

The effect on behavior of severing the 
cross connections between the two 
halves of the brain is not always simple 
and unambiguous. An animal with a 
split brain sometimes behaves as if the 
two hemispheres were still in direct 
communication in one way or another. 
Some of these cases can be explained 
without difficulty; others are puzzling 
and call for further investigation. 

One case involved the ability to re- 
spond to differences in the brightness 
of light. Thomas H. Meikle and Jeri A. 
Sechzer of the University of Pennsyl- 
vania School of Medicine trained cats to 


discriminate between brightness differ- 


ences seen with one eye and then tested | 
them with the other eye. With the corpus 
callosum severed the cats were able to 
transfer this learning from one hemi- 
sphere to the other when the brightness 
distinctions were easy to make, but not 
when they were fairly difficult. The 
transfer disappeared, however, when 
cross connections in the midbrain, as 
well as the corpus callosum, were cut. 
This case therefore appears to be ex- 
plainable on the basis that in the cat the 
process involved is simple enough to oc- 
cur at a level lower than the corpus cal- 
losum. In the monkey and in man, how- 
ever, the corpus callosum seems to be 
required for the transfer of even the sim- 
plest brightness or color discrimination. 


[where are types of cross communica- 

tion that can take place in a split 
brain because both sides of the brain are 
directly connected to the motor system 
or sensory organ involved. For example, 
each brain hemisphere receives sensory 
messages from both the right and the left 
sides of the face and other parts of the 
head; consequently the separation of the 
hemispheres does not interrupt the com- 
munication of sensations between the two 
sides of the head. Hearing in each ear is 
likewise extensively represented in both 
cerebral hemispheres. The same may ap- 
ply in lesser degree to certain sensations: 
in the limbs and the rest of the body; 
this may explain why learning involving 
hand and arm movements in monkeys 


with split brains may on occasion trans- 
fer from one side to the other. 

There is also the possibility of in- 
direct communication between the split 
halves of the brain through feedback 
from activity in the body. A motor ac- 
tivity directed from one hemisphere may 
involve widespread bodily movements 
that will feed back messages to the op- 
posite hemisphere as well as the active 
one. For instance, an action performed 
by one hand is likely to involve adjust- 
ments in posture and muscular activity 
that spread to the other side of the body 
and thus make themselves known to 
the other hemisphere. Unifying factors 
of this sort help to account for the fact 
that the two sides of the body do not act 
more independently in a split-brain 
situation. They do not, however, change 
the general inference that the two brain 
hemispheres are for the most part sepa- 
rate realms of knowledge and awareness. 

A special case of cross transfer that 
was at first quite surprising was discov- 
ered recently in our laboratory by Joseph 
Bossom and Charles R. Hamilton. Their 
experiments dealt with the way in which 
the brain adjusts itself to overcome 
the distortions produced by looking 
through a wedge prism. Such a prism 
so displaces the visual scene that in 
reaching for an object the hand misses 
its mark. With a little practice, however, 
the eye-brain system soon achieves the 
necessary corrections to hit the target ev- 
ery time. Bossom and Hamilton trained 
split-brain monkeys to adapt themselves 
to the problem using one eye. After the 
monkeys had learned to correct for the 
displacement of the prism, they were 
switched to using the other eye. The 
learning was fully and immediately 
transferred—even in monkeys with a 
deep bisection through the brain-stem 
roof and cerebellum. This seemed to con- 
tradict the earlier experiments showing 
a lack of transfer of learning from one 
eye to the other. But when Hamilton fol- 
lowed up with repetitions of the ex- 
periments in which the monkey was 
made to practice the prism adaptation 
using only one hand, he found that cor- 
rective adjustments achieved through 
the one hand, in combination with either 
eye, do not transfer to the other hand. 
This suggested that the central adjust- 
ment to deflections of a target by a prism 
depends primarily on the brain centers 
concerned with motor activity and bod- 


ily sensations rather than on those in-. 


volved in vision. This interpretation has 
now been supported in an extension of 
the study to human subjects. It is still not 
clear, however, how split-brain monkeys 
achieve this adjustment so easily when 
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DEGREE OF SEPARATION among the higher brain centers that is produced by the surgi- 


cal procedures discussed by the author is shown in this semisectional diagram of the brain. 


the visual inflow is confined to one hemi- 
sphere and the only hand in use is the 
one governed primarily trom the other 
hemisphere. 

Certain other performances under 
study in our laboratory that appear to 
involve cross integration in the divided 
brain are even harder to explain. For ex- 
ample, Colwyn B. Trevarthen and I have 
found that a split-brain monkey can 
learn to select the larger (or smaller, as 
the case may be) of two circles of dif- 
ferent sizes presented separately to the 
two brain hemispheres, the larger to one 
and the smaller to the other. To make the 
relative size count, the circles are select- 
ed from a series of five graded sizes. It 
would seem that to make the comparison 
successfully the two hemispheres, al- 
though cut apart, must collaborate in 
some way. Similarly, I have found that 
split-brain monkeys grasping two han- 
dles separately, one in each hand, can 
pick the larger or the rougher of the pair. 
Here again five different sizes and five 
degrees of roughness are paired in ran- 
dom right-left position. 

Difficult as it is to avoid the conclu- 
sion that the two brain hemispheres are 
working together in these cases, the 
strong evidence of many experiments on 
the independence of the divided hemi- 
spheres suggests that one should seek 
other explanations. It is conceivable, for 


example, that a combination of independ- 
ent strategies used by the two hemi- 
spheres might have produced a high 
score without any real exchange of infor- 
mation. The discrimination of handles by 
touch might have been aided by cross 
communication through related sensa- 
tions of movement or from motor feed- 
back. It is also possible that the appar- 
ent communication between the hemi- 
spheres may have been achieved by way 
of interactions taking place in the lower 
brain stem or even in the spinal cord. 
These and other possibilities are being 
investigated. 


Avother group of observations revealed 
an interesting and significant dif- 
ference between animal and human 
brains. The tests had to do with the abil- 
ity of one side of the body to respond to 
visual cues received only by the cerebral 
hemisphere that directs the opposite side 
of the body. For example, with the cor- 
pus callosum divided and with vision re- 
stricted to one hemisphere, the animal is 
trained to reach out and pick by vision 
the correct one of two objects; can the 
subject do this when allowed to use only 
the hand or paw that normally is asso- 
ciated with the unseeing hemisphere? - 
The cat proved to be able to use either 
forepaw under these conditions with 
about equal ease. The monkey does not 
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HAND-TO-HAND CO-ORDINATION is tested in this experiment. The split-brain monkey 
cannot see the plastic divider that prevents contact between its hands. By groping, it finds a 
peanut with its upper hand. It can retrieve the peanut only by poking it down through 
a hole and catching it with its lower hand. The only cues it has for placing the lower hand 
are based on a joint-and-muscle sense of the position and movement of the upper hand. 


do so well; sometimes it can co-ordinate 
its motor response with the visual mes- 
sage and sometimes not. In human pa- 
tients, on the other hand, this ability is 
severely disrupted by the severing of the 
corpus callosum. As we have already 
noted, in the split-brain patient who was 
extensively tested the left hand generally 
is unable to respond correctly to com- 
mands or visual stimuli presented only to 
the left cerebral hemisphere. The patient 
without prior brain injury does some- 
what better, but even so the performance 
is markedly poorer than that of the mon- 
key. 

The same applies to stimuli of other 
kinds. For instance, when the human 
‘patients are blindfolded and hold a pen- 
cil in one hand, the other hand is un- 
able to find the end of the pencil if the 
hand holding the pencil shifts its angle or 
changes its position in some other way. 
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When monkeys whose corpus callosum 
had been cut were put to similar tests by 
Richard F. Mark and me, however, they 


performed almost normally [see illustra- . 


tion above]. And when all the cross con- 
nections down through the roof plate of 
the midbrain, with the exception of the 
corpus callosum, were cut, the perform- 
ance also went well. Subsequent cutting 
of the corpus callosum in this last situa- 
tion finally abolishes the performance, 
showing the participation of the corpus 
callosum. Even so, the difference be- 
tween man and monkey in the expend- 
ability of the corpus callosum for such 


hand-to-hand activities remains striking. 


Here we are probably seeing a reflec- 
tion of the evolution of the brain. The 
appearance and development of the cor- 
pus callosum in evolution parallels the 
appearance and development of the 
cerebral cortex. As in the course of evolu- 


tion central controls are shifted from 
more primitive brain-stem areas to high- 


ex stations in the ballooning cerebral 


cortex, the role of the corpus callosum 
becomes more and more critical. So also 
do the phenomena of dominance and 
specialization in the hemispheres of the 
cerebrum. In cats and Jower animals the 
two hemispheres seem to be essentially 
symmetrical, each learning equally and 
each capable of serving by itself almost 
as a whole brain. In the monkey the two 
hemispheres are apparently somewhat 
more specialized. As the accumulation of 
memories, or the storage of information, 
becomes more important in the higher 
animals, the duplication of memory files 
in the two brain hemispheres is given up 
for a more efficient system: the division 
of labor by the assignment of specialized 
files and functions to each hemisphere. 
This evolution has culminated in the hu- 
man brain. Here a distinct separation of 
functions prevails: language is the task 
of the dominant hemisphere and lesser 
tasks are largely taken over by the other 
hemisphere. 

The question of dominance is crucial 
for the effective functioning of the brain 
as the master control system. Bear in 
mind that the brain is composed of twin 
hemispheres, with a full set of control 
centers in each hemisphere that enables 


it to take command and govern the gen- 


eral behavior of the animal. What hap- 
pens, then, if the two halves of an ani- 
mal’s split brain are taught to give 
completely conflicting responses to a giv- 
en situation? 

The devices developed in our labora- 
- tory allow a great variety of experi- 
ments, using all sorts of combinations of 
brain control centers with the sensory 
and motor organs of the body. They can 
restrict the animal to the use of one eye 
or the other with one hand or the other, 
to the tactile sense without vision, to vi- 
sion in one brain hemisphere and the 
tactile sense in the other, and so on. A 
representative apparatus for the monkey, 
designed for experiments involving visu- 
al stimuli and responses with the hand, 
is shown in the illustration on page 43. 
The monkey stations itself behind a bar- 
rier that can be adjusted to let it see with 
both eyes or the right eye or the left eye 
or neither, and to let it use both hands 
or only the right or the left. By the use 
of light-polarizing filters, the visual stim- 
ulus (for example a circle) can be split 
and the two images projected separately 
to the two halves of its visual field in or- 
der to determine if the subject can in- 
tegrate them. The monkey’s responses 
consist in pressing buttons, pulling levers 


and so forth; these responses are reward- 
ed when they are correct. We can hook 
up to this apparatus automatic equip- 
ment that is programed to present any 
of a number of different problems to the 
animal. In that case the apparatus is at- 
tached to its home cage as a kind of 
porch where the monkey can station it- 
self as the spirit moves it and work at 
its leisure. 

With this apparatus a split-brain 
monkey can be trained, let us say, to 
choose between a triangle and a square 
as the rewarding stimulus. Looking 
through its left eye, it learns to select 
the triangle as the reward; through the 
right eye, the square. It is trained for a 
few trials with the left eye, then for 
a few trials with the right, and this al- 
ternation is continued until each eye 
comes to give a nearly perfect perform- 
ance, even though the responses with 
the separate eyes are contradicting each 
other. As we have already noted, the 
animal usually evinces no conflict in 
this paradoxical situation: the left eye 
unhesitatingly chooses the triangle and 


AUTOMATED EQUIPMENT is adapted to tabulating and record- 


ing the data from a number of trials conducted with several mon- 


the right eye the square. Here the split- 
brain monkey learns, remembers and 
performs as if it were two different in- 


dividuals, its identity depending on | 


which hemisphere it happens to be us- 
ing at the moment. 

What if the two hemispheres are asked 
to learn these mutually contradictory 
answers simultaneously instead of one 
at a time alternately? Can each hemi- 
sphere attend to its own lesson and file 


‘one answer in its memory while the 


other is filmg a conflicting answer in 
its memory? 

Trevarthen found a way to investigate 
this question by introducing polarizing 
filters to present reversed pictures simul- 
taneously to a monkey with both eyes 
open [see illustration on page 48]. A pair 
of patterns (say a cross and a circle, 
but any pair of patterns or colors will 
do) is projected separately to the two 
eyes. To one eye it appears that the 
food reward is won by pushing the 
cross; to the other eye it seems that the 
circle is being pushed. In other words, 
for one hemisphere the correct answer 


is “cross” and for the other it is “circle,” 
but the panel that is pushed is the same 
in both cases. After the monkey, us- 
ing both eyes, has learned to push the 
correct panel 90 per cent of the time, it 
is tested with each eye separately. 

It turns out that there is a strong 
tendency for one hemisphere (usually 
the one governing the arm that is first 
used to push the panels) to learn the 
answer sooner and more fully than the 
other. This suggests that active atten- 
tion by one hemisphere tends to weak- 
en the attention of the second, although 
the activities of the two have no direct 
connection. Trevarthen has found, how- 
ever, that sometimes both hemispheres 
learn their respective answers fully and 
simultaneously. That is, the split-brain 
monkey in these cases divides its at- 
tention between the two hemispheres, so 
that it masters the two contradictory 
problems in about the same time that 
a normal, single-minded monkey would 
be learning one problem. | 

This doubling of attention is also man- 
ifest in Gazzaniga’s tests on the split- 





keys over a period of time. The animals work at their tasks at their 
leisure, moving to apparatus affixed to the rear of their cages. 
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brain human patient discussed earlier. 
The test consisted in asking the man 
to pick a certain figure out of a pair 
of figures flashed very briefly (for less 
than a tenth of a second) and simul- 
taneously in each of his visual fields— 
one pair in the left field and one pair 
in the right. The subject abruptly points 
to the correct figure in the left field with 
his left hand (governed by the non- 


dominant hemisphere) and at the same 


time indicates the correct figure in the 
right field verbally or by pointing (this 
act being governed by the dominant 
hemisphere, which controls language 
and speech). Discussing such responses 
afterward, the patient typically has no 
recollection of having pointed with his 
left hand; the dominant hemisphere 
seems completely ignorant of what went 
on in the other one. 

These remarkable indications of a 
doubling of the psychic machinery in 
the brain raise a number of new ques- 
tions about the roles played in the learn- 
ing process by attention, perception and 
motivation. There are also many intri- 
guing philosophical implications. When 
the brain is bisected, we see two separate 
“selves” —essentially a divided organism 
with two mental units, each with its own 
memories and its own will—competing 
for control over the organism. One is 
tempted to speculate on whether or 
not the normally intact brain is some- 
times subject to conflicts that are attribut- 





RHESUS MONKEYS whose brains have been bisected perform well 


in most general play and exercise tests. These animals with. split 


able to the brain’s double structure. 

How does an anima! with a split brain 
resolve the dilemma of being conditioned 
to two directly opposite answers to a 
given problem? Suppose it is confronted 


with a situation in which it must make 


a choice between two “correct” answers? 
Can it master the conflict, or is it para- 
lyzed like the proverbial donkey be- 
tween a bag of oats and a bale of hay? 

The kind of answer that is usually 
obtained is illustrated in an extension 
of the experiment with polarizing filters. 
After the split-brain monkey has been 
trained so that one hemisphere con- 
siders as correct the panel marked by 
a cross and the other hemisphere con- 
siders as correct the panel marked by a 
circle, one of the eye filters is turned 90 
degrees. Now instead of the images be- 
ing reversed in the two eyes, both eyes 
see the pair of symbols in the same 
way—say the cross on the left and the 
circle on the right. Will the animal, with 
both eyes open, choose the cross or the 
circle or waver in confusion between 
the two? In such tests the monkeys, after 
only a little indecision and hesitation, 
make a choice and adhere to it: they 
consistently select the cross or the circle 
for a series of trials. That is, one hemi- 
sphere or the other takes command and 
governs the monkey's behavior. This 
dominance may shift from time to time, 
each hemisphere taking its turn at con- 
trol, but it would appear that no serious 


conflict disrupts any given movement. 

Something more akin to conflict be- 
tween the separated hemispheres is oc- 
casionally seen in tests given the human 
patients. Incorrect responses by the left 


hand may so exasperate the more sophis- 


ticated dominant hemisphere that it 
reaches across with the right hand to 
grab the left and force it to make the 
correct choice. Or conversely, when the 
literate hemisphere and right hand fail 
in a block-arrangement test—one of the 
few things that the left hand and non- 
dominant hemisphere generally do bet- 
ter—impatient twitches and starts oc- 
cur in the left arm, which may have to 
be restrained to keep it from intercept- 
ing the right. As in split-brain cats and 
monkeys, however, one hemisphere or 
the other generally prevails at any giv- 
en time. Any incompatible messages 
coming down from the other hemisphere 
must be inhibited or disregarded. 


[the experiments discussed in this 

article are a sample of the large vari- 
ety of studies with the split brain that 
are being carried on by our group at 
Cal Tech and by others in laboratories 
elsewhere. Work with the split brain has 
enabled us to pinpoint various centers 
of specific brain activity, has suggested 
new concepts and new lines of thought 
and has opened up a wealth of new pos- 
sibilities for investigating the mysteries 
of the mind. 





brains are hardly distinguishable from normal monkeys in their 
ability to move about, find and retrieve food and do acrobatics. 





